Context: Adiponectin inhibits protein synthesis in cardiac myocytes, thereby opposing the effect of cardiac workload and trophic factors (in particular, insulin) on left ventricular (LV) mass and wall thickness (WT).
tin has been suggested to influence LV diastolic function, independently of LV mass, possibly through its effect on growth factors and the matrix metalloproteinase-2 (7, 8) . Adiponectin plays also an important role in the modulation of glucose and lipid metabolism in insulin-sensitive tissues, and several studies demonstrated a link between adiponectin and insulin resistance (9) . Low levels of circulating adiponectin have been described in conditions associated with insulin resistance, such as obesity, hypertension, and diabetes (10, 11) , which are also associated with LVH, cardiac remodeling and impairment of LV function. Although hypertension is a leading cause of LVH, an increase in LV mass may occur independently of blood pressure (BP) (12) . Large population-based studies have shown that only about 50% of LV mass variation can be explained by demographic and hemodynamic factors (12) (13) (14) . Thus, nonhemodynamic mechanisms are likely to contribute to increase in LV mass and wall thickness (WT); in particular, a role for insulin resistance and compensatory hyperinsulinemia in the pathogenesis of LVH (15) (16) (17) and concentric LV remodeling (18) has been suggested.
The relative role of adiponectin and insulin resistance in LV remodeling has not been investigated in man. Furthermore, evidence in animal as well as human studies has shown that most metabolic actions of adiponectin can be attributed to high-molecular-weight (HMW) complexes of the adipokine (19) . Accordingly, HMW adiponectin is a stronger correlate of insulin resistance and is selectively down-regulated in patients with type 2 diabetes (20) . Whether the effects of adiponectin on cardiac structure and function are related to insulin sensitivity and whether they are mediated through the HMW isoform of the adipokine is not known. In the present work, we tested these hypotheses in healthy normotensive subjects with normal LV structure and function.
Subjects and Methods

Subjects
The study population consisted of 77 healthy volunteers between 30 and 60 yr of age, free of hypertension, diabetes, carotid plaque, and overt cardiovascular disease. At echocardiography, all subjects had normal LV geometry, regional and global function, and no significant valvular regurgitation. Hypertension was defined as a systolic BP 140 mm Hg or greater and/or a diastolic BP 90 mm Hg or greater or current antihypertensive treatment. Diabetes was defined as a fasting plasma glucose 7.0 mmol/liter or greater or a 2-h postload glucose value 11.1 mmol/liter or greater or current therapy with hypoglycemic agents. An atherosclerotic plaque in extracranial carotid arteries was defined as an intima-media thickness 2.0 mm or greater in any carotid segment. Clinical cardiovascular disease was excluded on the basis of medical history and resting electrocardiogram. Normal LV geometry at echocardiography was defined as LV mass index 131 g/m 2 or less in men and 100 g/m 2 or less in women and relative wall thickness less than 0.45 (21) . Normal LV global function was defined as ejection fraction 55% or greater. In addition, serum cholesterol and triglycerides levels were within limits established before recruitment (Ͻ7.8 and Ͻ 4.6 mmol/liter, respectively) in the absence of lipid-lowering therapy ( Table 1) . The local ethics committee approved the study, and written consent was obtained from all participants.
Protocol
All participants underwent a standardized examination that included interviews, anthropometry, BP measurements, resting electrocardiogram, a fasting blood draw, an oral glucose tolerance test (OGTT), a euglycemic hyperinsulinemic clamp, high-resolution ultrasound of extracranial carotid arteries, conventional Doppler echocardiography, and pulsed-wave (PW) tissue Doppler imaging (TDI). Information regarding medical history, drug use, and alcohol and cigarette consumption was collected during a face-to-face interview using a standardized questionnaire. Height was measured on a clinic stadiometer. Body weight and fat-free mass (FFM) were measured by electrical bioimpedance using a body composition analyzer model TB-300 (Tanita, Tokyo, Japan). Body mass index (BMI) was calculated. A BMI greater than 30 kg/m was considered as a cutoff for obesity. Waist circumference was measured by plastic tape as the narrowest circumference between the lower rib margin and anterior superior iliac crest. Brachial BP was measured three times during three different visits, with a digital electronic tensiometer (model 705cp, regular or large adult cuffs were used according to arm circumference; Omron, Kyoto, Japan) and with the subject seated for at least 10 min. The mean value was used in statistical analysis.
OGTT
After at least 3 d of a 250-g carbohydrate diet and after an overnight (12-14 h) fast, glucose tolerance was assessed by a 2-h, 75-g OGTT. At baseline and at 30-min intervals thereafter, blood samples were obtained for glucose and insulin determination. Areas under OGTT time-concentration curves were calculated by the trapezoidal rule.
Insulin sensitivity
On a separate day (within 1 wk of the OGTT), a euglycemic hyperinsulinemic clamp was performed in all subjects (who were asked to refrain from smoking on the day before the study). Exogenous insulin was administered as a primed-continuous infusion at a rate of 240 pmol/ min/m 2 simultaneously with a variable 20% dextrose infusion adjusted every 5-10 min to maintain plasma glucose level within 0.8 mmol/liter (Ϯ 15%) of the target glucose level (4.5-5.5 mmol/liter). Additional blood samples were obtained at 20-min intervals for insulin determination. With this protocol, achieving steady-state plasma insulin levels 568 Ϯ 162 pmol/liter, suppression of endogenous glucose release was virtually complete (22, 23) . Insulin sensitivity was expressed as the ratio of the M value (23), averaged over the last 40 min of the 2-h clamp and 
Analytical procedures
Plasma glucose was measured by the glucose oxidase technique (glucose analyzer; Beckman, Fullerton, CA). Serum concentrations of insulin were measured by RIA using a kit specific for human insulin (less than 0.2% cross-reactivity with proinsulin; Linco Research, St. Louis, MO). Serum total and high-density lipoprotein cholesterol and triglycerides were assayed by standard methods.
Total adiponectin was measured in plasma using a validated in-house time-resolved immunofluorimetric assay, as previously described (25) . In a subset of 57 randomly selected subjects, adiponectin isomers [lowmolecular-weight (LMW), medium-molecular-weight (MMW), and HMW complexes] were separated and quantified using a validated inhouse method (26) .
Carotid ultrasound
To exclude the presence of carotid plaques, high-resolution B-mode ultrasound (SSD 5500 SV, Aloka, Tokyo, Japan) of extracranial carotid arteries was performed bilaterally, according to a previously described scanning and reading protocol (27) .
Echocardiographic examination
Cardiac images were obtained with a standard ultrasound machine (SSD 5500 SV; Aloka) with a 2.5-to 3.5-Mhz, phased-array probe. Conventional B-mode, M-mode, and Doppler echocardiography was used for assessment of LV structure, chamber function, and diastolic filling pattern. PW TDI of mitral annular motion was used to assess LV longitudinal myocardial function (28) .
Two-dimensionally targeted M-mode echocardiograms of the LV were obtained just below the tips of the mitral valve leaflets, with the M-mode cursor perpendicular to the LV long axis. In digitized images, septal and posterior WT and LV chamber dimensions were measured at end diastole, and the Penn convention was used to calculate LV mass by an anatomically validated formula (29) . LV mass was normalized for body surface area (LV mass index, grams per meter Ϫ2 ). Mean WT was calculated as an average of interventricular septal and posterior wall thickness at end-diastole. A relative WT was calculated as a sum of interventricular and posterior WT at end-diastole, divided by end-diastolic LV inner diameter. Ejection fraction was estimated by Simpson's method. Stroke volume was determined as the product of aortic crosssectional area and velocity-time integral (12, 30) . Doppler transaortic flow was obtained in the apical projection in which peak flow velocity was maximal by tracing (12) . Aortic valve opening was measured in the long-axis view and aortic area was calculated by circular geometry. Stroke work was determined as the product of stroke volume and systolic BP and was converted into gram-meters (g-m) by multiplying by 0.0144 (30) . Transmitral flow velocities were examined by pulsed-Doppler from the four-chamber apical view, and peak early inflow velocity and peak atrial inflow velocity were measured. All measurements were performed by a single reader and taken as the mean of five consecutive beats. Brachial BP was measured at the end of echocardiographic examination (Omron, model 705cp). The intraindividual variability of LV mass measurements (assessed in 40 subjects) was 4.6 Ϯ 3.0%. To test the reproducibility of echocardiography for LV mass assessment, in 25 subjects the ultrasound study was repeated 2-4 wk later. The difference between the two studies averaged 7.6 Ϯ 4.6%.
To record mitral annular motion velocities, which reflect LV longitudinal function, color-guided PW tissue Doppler was used. In the apical four-chamber view, the sample volume was placed over the mitral annulus in two different areas: septal and lateral. The cursor was aligned so that the angle of incidence between the Doppler beam and the longitudinal motion of the mitral annulus was as close as possible to 0° (28) . From spectral traces peak systolic velocity (PSV TDI ), peak velocities during early diastolic filling (PEV TDI ) and during atrial contraction (PAV TDI ) were measured in three consecutive beats by a single reader. The values used for the statistical analysis represent an average of septal and lateral sites (28) . The intraindividual variability of the measurements (assessed in 40 subjects) was 5.8 Ϯ 4.3, 6.3 Ϯ 4.8, and 5.4 Ϯ 3.9% for PSV TDI, PEV TDI , and PAV TDI , respectively.
Statistical analysis
Data are expressed as mean Ϯ SD. Variables with a skewed distribution (plasma fasting triglycerides and insulin, glucose, and insulin areas under OGTT curves) are given as median and (interquartile range) and were log transformed for use in statistical analyses. ANOVA was used to compare continuous variables and a 2 test for categorical variables. Relationships between the outcome variables (LV mass, mean WT, and LV longitudinal velocities) and continuous variables were evaluated by univariate Pearson correlation coefficients. Multiple regression analysis was then used to test the independence of the associations. Statistical analysis was performed by JMP software, version 3.1 (SAS Institute Inc., Cary, NC).
Results
The clinical and metabolic characteristics of study population are given in Table 1 and echocardiographic parameters are shown in Table 2 .
LV mass and WT
As expected, LV mass and mean WT were higher in men than women (187 Ϯ 39 vs. 134 Ϯ 32 g and 0.86 Ϯ 0.09 vs. 0.77 Ϯ 0.09 cm, respectively, P Ͻ 0.0001 for both) and increased with age, office BP, anthropometric parameters, and stroke work (Table  3) . Furthermore, both measures increased with fasting plasma glucose and insulin and decreased with M/I value. Relative WT increased with age (r ϭ 0.36, P ϭ 0.001) and office systolic BP (r ϭ 0.28, P ϭ 0.01). No relationships were observed between LV structure and postload plasma glucose or insulin concentrations (at any time point during the OGTT or as areas under the respective OGTT curves) or alcohol consumption. Total adiponec- tin levels were higher in women than men (8.8 Ϯ 2.6 vs. 7.0 Ϯ 2.0 mg/liter, P ϭ 0.001) and were inversely related to LV mass and mean WT (Table 3 and Fig. 1 ). LV mass, total adiponectin, and M/I value were evaluated separately for nonsmokers, current smokers, and ex-smokers. Compared with nonsmokers, current smokers had slightly
Ϫ1 , P Ͻ 0.05) but similar total adiponectin levels (9.1 Ϯ 3.1 and 8.7 Ϯ 3.1 mg/liter, P ϭ 0.76).
To assess whether any of the variables that showed a significant association with indices of LV mass and WT in univariate analysis (Table 3 ) contributed independently to the variability of these measures, multiple regression analyses were performed, entering standardized LV mass and WT as dependent variables and all their significant correlates as independent variables. All analyses were adjusted also for smoking habit. Independent factors affecting LV mass were sex, BMI, stroke work, and current smoking, together explaining 66% of LV mass variance (Table  4) . Neither fasting plasma insulin nor insulin sensitivity and adiponectin were independently related to LV mass. Independent correlates of mean WT were age, stroke work, and plasma adiponectin (explaining 48% of its variability) ( Table 4) . Neither smoking nor any anthropometric and metabolic parameter replaced or canceled adiponectin in a multivariate model. When the multivariate models were run in the nonobese subjects alone (n ϭ 59, 30 males, aged 43 Ϯ 8 yr, BMI 24.6 Ϯ 3.1 kg/m 2 , plasma adiponectin 8.0 Ϯ 2.6 mg/liter, LV mass 152 Ϯ 40 g, mean WT 0.81 Ϯ 0.10 cm), adiponectin and stroke work were independently related to both LV mass and WT (Table 4) .
Determinants of LV mass and WT were assessed separately for men and women. In men, independent correlates of LV mass were stroke work and weight [␤ Ϯ SE ϭ 0.36 Ϯ 0.12 (P Ͻ 0.01) and 0.47 Ϯ 0.13 (P Ͻ 0.001), R 2 ϭ 0.43], and independent correlates of WT were age and weight [␤ Ϯ SE ϭ 0.37 Ϯ 0.09 (P Ͻ 0.001) and 0.30 Ϯ 0.11 (P Ͻ 0.01), R 2 ϭ 0.37]. In women (after adjustment for menopausal status), stroke work and current smoking were independently related to LV mass [␤ Ϯ SE ϭ 0.79 Ϯ 0.11 (P Ͻ 0.0001) and 0.23 Ϯ 0.11 (P ϭ 0.05), R 2 ϭ 0.63], whereas stroke work and adiponectin were related to WT [␤ Ϯ SE ϭ 0.48 Ϯ 0.14 (P Ͻ 0.005) and Ϫ0.30 Ϯ 0.14 (P Ͻ 0.05), R 2 ϭ 0.38].
LV systolic and diastolic function
LV ejection fraction was not related to age, BP, or anthropometric and metabolic parameters, whereas stroke volume increased with BMI (r ϭ 0.31, P Ͻ 0.01). LV longitudinal PSV TDI decreased with age and mean BP (Table 3 ) and was not related to any anthropometric or metabolic parameter. Transmitral peak early inflow velocity decreased with age and LV mass (r ϭ Ϫ0.40 and Ϫ0.30, P at least Ͻ 0.01); peak atrial inflow velocity increased with BMI and fasting plasma insulin (r ϭ 0.40 and 0.36, P at least ϭ 0.001) and decreased with total adiponectin (r ϭ Ϫ0.22, P ϭ 0.05). Only BMI remained independently related to transmitral peak atrial velocity (R 2 ϭ 0.16) in multivariate model. Table 3 and Fig. 1 show the univariate correlations between LV longitudinal diastolic velocities (PEV TDI and PAV TDI ) and age, BP, LV structure, and metabolic parameters. By multivariate model, independent correlates of PEV TDI were age and mean BP [␤ Ϯ SE ϭ Ϫ0.41 Ϯ 0.10 (P Ͻ 0.00012) and Ϫ0.24 Ϯ 0.10 (P Ͻ 0.05), R 2 ϭ 0.33]. Independent correlates of PAV TDI were age, BMI, and plasma adiponectin (Table 4) . Neither LV mass nor WT was independently related to PEV TDI and PAV TDI .
Adiponectin isomers
In the 57 subjects (28 males, aged 42 Ϯ 8 yr, BMI 26.3 Ϯ 4.5 kg/m 2 , plasma adiponectin 8.0 Ϯ 2.3 mg/liter, LV mass 154 Ϯ 41 g, mean WT 0.80 Ϯ 0.09 cm) in whose sera adiponectin isoforms were measured, the HMW, MMW, and LMW isoforms accounted for 47, 34, and 19% of total circulating adiponectin, respectively. The univariate associations between adiponectin isoforms and LV mass, LV WT, PAV TDI , and M/I were generally similar to those of total plasma adiponectin but weaker for MMW and LMW (r values for MMW and LMW ranged from 0.24 to 0.35) than HMW (Table 3 and Fig. 1) . In multivariate models, only HMW adiponectin remained independently related to mean WT and PAV TDI (Table 4) .
Discussion
The major novel finding of this study is that, in normotensive subjects with normal LV geometry, circulating total and HMW adiponectin are inversely and independently related to LV WT. Moreover, adiponectin levels are related to LV longitudinal diastolic function, independently of LV mass and wall thickness.
Several recent findings have suggested that adiponectin is able to influence cardiac remodeling in pathologic states. However, the effect of adiponectin seems to differ in different conditions and study populations. In a large group of Japanese men, adiponectin was inversely and independently associated with electrocardiographic evidence of LVH (6) . An inverse relationship between plasma adiponectin and LV mass index was described in patients with type 2 diabetes (31) and essential hypertension (32) . Yet another study in untreated hypertensive patients did not observe any association between circulating adiponectin and LV mass (33) , whereas in hemodialysis patients the presence of LVH was associated with increased plasma adiponectin levels (34) . To better assess the role of adiponectin in cardiac remodeling, we studied the association of LV mass and WT with adiponectin (while controlling for confounding factors like gender, age, BMI, insulin sensitivity, plasma insulin level, and smoking habit) in a population of normotensive subjects with normal LV geometry.
In such a population, adiponectin was independently and inversely related to LV WT. An increase in LV WT is produced largely by an increase in the size of terminally differentiated cardiomyocytes. A necessary mediator of myocyte hypertrophy is protein synthesis, which under physiological conditions is stimulated primarily by an increase in cardiac workload (35) . In our study group, stroke work, which represents a robust estimate of cardiac workload (30) , was the strongest independent predictor of LV WT. Our clinical data are supported by experimental evidence showing that adiponectin may directly attenuate hypertrophic signaling in the myocardium by activating AMP-activated protein kinase (3, 4) . AMP-activated protein kinase activation and increased cardiac workload have opposite effects on the phosphorylation of eukaryotic elongation factor-2, which mediates the translocation step of peptide-chain elongation in the process of protein synthesis (3, 35) .
In a subgroup of subjects with adiponectin isoforms, LV WT was independently associated only with HMW adiponectin, in keeping with the hypothesis that the biological activity of adiponectin is mainly due to its HMW isoform (19, 20) . Nevertheless, at least in our data, total circulating adiponectin seems to reflect well the biological effect of HMW adiponectin on the heart. Two additional results should be noted. First, current smoking was directly and independently related to LV mass, a finding that is in agreement with a recent study (14) showing an association between greater LV mass and current smoking in a large population (n ϭ 4869) free of cardiovascular disease. Second, when divided according to gender, adiponectin remained inversely and independently related to LV WT only in women, who had higher total (8.8 Ϯ 2.6 vs. 7.0 Ϯ 2.0 mg/liter, ϩ25%) and HMW adiponectin (4.4 Ϯ 1.9 vs. 3.3 Ϯ 1.4 mg/liter, ϩ33%). Therefore, gender-related differences in plasma adiponectin, which are probably linked to androgen status (36) , could partly account for gender-related differences in LV structure (37) . In accord with prior data from our laboratory (38) , neither insulin sensitivity nor plasma levels of fasting or postload insulin were independent predictors of LV mass or WT in the population of normotensive nondiabetic subjects. More importantly, in multivariate models of WT, total and HMW adiponectin was not replaced or canceled by inclusion of any anthropometric or metabolic parameter. Such a finding can be interpreted as evidence that adiponectin concentrations do not simply stand for a cluster of metabolic parameters (BMI, waist, plasma insulin, serum lipids, etc.) as a composite marker (39) but imply a direct biological action. In particular, adiponectin is considered a readout of insulin sensitivity (19) , but in this study M/I value did not have an independent relation to cardiac parameters.
In our normotensive subjects, circulating adiponectin was not related to LV systolic function (either chamber or longitudinal myocardial function), whereas both total and HMW adiponectin were inversely related to late diastolic longitudinal velocity of myocardium, independently of age, LV mass, or WT. This observation is in agreement with a recently published study showing that in hypertensive patients pioglitazone improves LV diastolic function without LV mass regression and that this improvement is paralleled by an increase in the plasma adiponectin and matrix metalloproteinase-2 levels (7).
Study limitations
We measured stroke volume by Doppler echocardiography, which is less precise than invasive measurements. However, previous studies have demonstrated that, when adequately applied, this technique provides reliable estimates of stroke volume (12, 30) . In the calculation of stroke work, the cuff systolic BP was used as a surrogate for mean LV systolic pressure. Due to the pressure-amplification phenomenon through the arterial tree, mean LV systolic pressure is lower than systolic BP measured at the arm, and the differences between these two measurements decreases with increasing arterial stiffness and age. Finally, a single measurement of stroke work at rest was obtained; a single measure cannot entirely reflect chronic LV workload.
Conclusion
The present study has demonstrated a potentially important association between adiponectin and LV WT in healthy normotensive subjects with normal LV structure and function. Our findings suggest that circulating adiponectin, especially in its HMW form, modulates the physiological matching between LV muscle and cardiac work. A workload-induced increase in LV mass is considered an adaptive response to mechanical stress, aimed at preserving cardiac function. Under normal circumstances, adiponectin would restrain the resulting hypertrophy. Hypoadiponectinemia or functional adiponectin resistance, perhaps secondary to down-regulation of adiponectin receptors (40) , may contribute to an exaggerated hypertrophic response to hemodynamic load and to inappropriate LVH (7). Adiponectin b Fifty-seven subjects with adiponectin isoforms.
also seems to influence LV diastolic function, independently of its effect on wall thickness.
